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ABSTRACT 

It  h a s  been  s p e c u l a t e d  t h a t  t h e  s p a c e  s t o r a b l e  

(FLOX/CH4) Mars o r b i t e r  s t a g e  d e f i n e d  by a r e c e n t  Locltheed 

s t u d y  might  p r o v i d e  a n  adequa te  pay load  c a p a b i l i t y  f o r  a 

J u p i t e r  swingby o u t e r - p l a n e t  g r a n d  t o u r  m i s s i o n  when 

i n s t a l l e d  a t o p  a T i t a n  I I IX/Cen tau r .  It  was found t h a t  

s u c h  a c o n f i g u r a t i o n  can p l a c e  g r o s s  p a y l o a d s  o f  1700-2700 

l b s  on a p p r o p r i a t e  t r a j e c t o r i e s  i n  any o f  t h e  1976-1980 

o p p o r t u n i t i e s .  Guidance r e q u i r e m e n t s  a r e  c o n s i d e r e d ,  and 

n e t  pay load  c a p a b i l i t i e s  are p r e s e n t e d ,  
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I n t r o d u c t i o n  

DATE: December 5 ,  1 9 6 8  

FROM: A. A .  VanderVeen 

A que ry  w a s  r e c e i v e d  from W. W. Wilcox,  NASA/RP, 
conce rn ing  t h e  pe r fo rmance  c a p a b i l i t y  of a T i t a n  I I IX/Cen tau r  
topped  w i t h  t h e  FLOX/CH4 s t a g e  i n v e s t i g a t e d  as a Mars o r b i t e r  
s t a g e  d u r i n g  a r e c e n t  OART-sponsored s t u d y  by Lockheed 
I n t e r e s t  was e x p r e s s e d  i n  t h e  p o s s i b i l i t y  t h a t  t h i s  v e h i c l e  
c o n f i c j u r a t i o n  cou ld  d e l i v e r  a pay load  i n  t h e  neighborhood of 
1 5 0 0  l b s  o n t o  an o u t e r - p l a n e t  g rand  t o u r  m i s s i o n  u t i l i z i n g  a 
J u p i t e r  swingby. 

(1) . 

T r a j e c t o r y  Requi rements  

m i s s i o n  o p p o r t u n i t i e s  occur a t  t h i r t e e n  month i n t e r v a l s  b e g i n n i n g  
i n  1 9 7 6  and end ing  i n  1 9 8 0  ( 2 r 3 ) .  
s u f f i c i e n t  ene rgy  t o  t h e  s p a c e c r a f t  t o  allow e s c a p e  from t h e  
s o l a r  system. Because of  a f o r t u i t o u s  g e o m e t r i c a l  c o n f i g u r a t i o n  ' 
of t h e  p l a n e t s  i n  t h e  l a t e  1970's, S a t u r n ,  Uranus,  and Neptune 
become more-or-less a l i g n e d ,  so t h a t  t h e  s p a c e c r a f t  can  e n c o u n t e r  
e a c h  p l a n e t  i n  t u r n  on i t s  h y p e r b o l i c  e s c a p e  t r a j e c t o r y .  

t h e  5-year  s p a n  of  o p p o r t u n i t i e s  w i t h  a two-week l aunch  window 
a v a i l a b l e  d u r i n g  any y e a r .  A c h a r a c t e r i s t i c  v e l o c i t y  (V C ) of  
48,000 f p s  is s u f f i c i e n t  t o  a c q u i r e  a p p r o p r i a t e  minimal  ene rgy  
t ra jector ies  i n  1 9 7 6  and 1978, whereas  4 9 , 0 0 0  f p s  accommodates 
s i m i l a r  t r a j e c t o r i e s  i n  1977, 1 9 7 9 ,  and 1980.* 
ene rgy  above t h e s e  minimums p rov ide  t r a j e c t o r y  f l e x i b i l i t y  i n  t h e  
form of  i n c r e a s e d  l aunch  window and s h o r t e n e d  t r i p  d u r a t i o n s ;  
however ,  above a Vc of  5 2 , 0 0 0  f p s  t h e  t ra jector ies  t e n d  t o  g r a z e  
J u p i t e r  as t h e  r e q u i r e d  t u r n - a n g l e  i s  ach ieved .  

A sequence  of Jup i t e r - swingby  o u t e r - p l a n e t  g rand  t o u r  

The J u p i t e r  swingby i m p a r t s  

The m i n i m a l  energy  r equ i r emen t s  v a r y  s l i g h t l y  o v e r  

I n c r e a s e s  i n  

* 
C h a r a c t e r i s t i c  v e l o c i t y ,  Vc, i s  t h e  v e l o c i t y  t h e  v e h i c l e  

would have a t  a 100  nm p e r i g e e  a l t i t u d e  on a c o n i c  t r a j e c t o r y  
whose ene rgy  co r re sponds  t o  burnout  c o n d i t i o n s  which can be 
a c b i e v e d  f o r  lFhe s p e c i f i e d  v e h i c l e  and pay load .  
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VEHICLE PERFORMANCE 

It shou ld  f i r s t  be n o t e d  t h a t  t h e  T i t a n  I I I X ( 1 2 0 5 ) /  
Centaur  can  d e l i v e r  a g r o s s  payload of  2,240 l b s  t o  a Vc 

t r a j e c t o r y  of 48,000 f p s  or a 1 , 7 4 0  l b  pay load  t o  one of  
49,000 f p s .  
accompl ished  w i t h o u t  t h e  u s e  o f  t h e  FLOX/CH4 s t a g e ,  
t h e s e  v a l u e s ,  which may be de te rmined  from t h e  per formance  
c u r v e  of  F i g u r e  1, do  n o t  accoun t  f o r  midcourse  p r o p u l s i o n  
which c o u l d  r e p r e s e n t  a s i g n i f i c a n t  f r a c t i o n  of  t h e  g r o s s  
p a y l o a d s .  ("I The a t t r a c t i v e n e s s  of u s i n g  t h e  FLOX/CH4 s t a g e  

f o r  t h i s  m i s s i o n ,  t h e r e f o r e ,  r es t s  l a r g e l y  on how much a d d i -  
t i o n a l  pay load  c a p a b i l i t y  i t  can  p r o v i d e ,  

Thus i t  would appear  t h a t  t h e  m i s s i o n  can  b e  
However, 

Ta.ble 1 shows t h e  p r o p u l s i o n  sys tem c h a r a c t e r i s t i c s  
and w e i g h t s  for t h e  FLOX/CI14 s t a g e ,  

TABLE 1 - FLOX/CH4 S t a g e  System 

C h a r a c t e r i s t i c s  and Weights 

P r o p e l l a n t  FLOX/CH 4 

T h r u s t  8 , 0 0 0  l b s  

I s p  410 s e e s  

P r o p e l l a n t  Weight 6 ,485  l b s  

S t a g e  Weight ( F u l l )  7 , 9 6 8  l b s  

An approximate  per formance  c u r v e  f o r  t h e  s p e c i f i e d  
v e h i c l e  c o n f i g u r a t i o n  can  be o b t a i n e d  by a d d i n g  t h e  t h e o r e t i c a l  
AV of t h e  FLOX/CH4 s t a g e  t o  t h e  c h a r a c t e r i s t i c  v e l o c i t y  of t h e  
T i t a n / C e n t a u r  f o r  each  payload  c o n s i d e r e d  as f o l l o w s ,  The '7,968 
l b  s t a g e  we igh t  p l u s  t h e  payload  c a r r i e d  b y  t h e  FLOX/CHIi s t a g e  
r e p r e s e n t s  a g r o s s  "payload" l aunched  b y  t h e  T i t a d c e n t a u r ,  A 
c o r r e s p o n d i n g  v a l u e  of Vc can b e  de t e rmined  f o r  t h e  T i t a d c e n t a u r  
from F i g u r e  1. 
s tage  known, i t s  t h e o r e t i c a l  AV c a n  b e  c a l c u l a t e d  from t h e  f a m i l i a r  
r o c k e t  e q u a t i o n  

With t h e  i n i t i a l  and f i n a l  weight,s o f  t h e  FLOX/CH4 
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where 
2 

g i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  ( f p s  

I i s  s p e c i f i c  i m p u l s e  ( s e c )  

W i s  t h e  i n i t i a l  weight  ( l b s )  

W i s  t h e  f i n a l  weight  ( l b s ) .  

SP 

0 

f and 

T h i s  p rocedure  was used to g e n e r a t e  t h e  s o l i d  c u r v e  o f  F i g u r e  2 .  

The r e s u l t s  o f  t h i s  f i r s t - c u t  i n v e s t i g a t i o n  looked  
s u f f i c i e n t l y  a t t r a c t i v e  to war ran t  f u r t h e r  a n a l y s i s .  I t  was 
r e c o g n i z e d  t h a t  t h e  s o l i d  cu rve  o f  F i g u r e  2 r e p r e s e n t s  o p t i m i s -  
t i c  r e s u l t s ,  because  t h e  r o c k e t  e q u a t i o n  does  no t  accoun t  for 
t h e  FLOX/CH4 s t a g e  g r a v i t y  l o s s e s ,  and because  t h e  i m p u l s i v e  
AV was assumed to be a p p l i e d  a t  100 n.mi.  a l t i t u d e  p e r i g e e ,  
whereas t h e  TII IX/Centaur  burnout  and t h e  f o u r t h  s t a g e  i g n i t i o n  
a c t u a l l y  t a k e  p l a c e  a t  h i g h e r  a l t i t u d e .  A r e p r e s e n t a t i v e  s e t  
from J .  Edgar ,  Mar t in -Mar ie t t a ,  Denver,  who had been  s t u d y i n g  
t h e  C e n t a u r ' s  a p p l i c a t i o n  f o r  a 1973 Mars Mar iner - type  m i s s i o n .  
The pay load  used  i n  h i s  s tudy  was less  t h a n  t h e  s t a g e  we igh t  
w i t h o u t  pay load  c o n s i d e r e d  h e r e  s o  a d i r e c t  c o r r e l a t i o n  cou ld  
n o t  be made; however,  he f e l t  t h a t  a burnout  a l t i t u d e  o f  315 
n.mi. was q u i t e  r e p r e s e n t a t i v e  for t h i s  a p p l i c a t i o n s .  

The T i t a d c e n t a u r  Vc v a l u e s  a t  100 n.mi.. , F i g u r e  1, 

were used t o  de t e rmine  t h e  v e l o c i t i e s  t h e  Centaur  would have 
a t  315 n.mi. ,  i f  i t  were t o  f o l l o w  a cons t an t - ene rgy  t r a j e c t o r y  
( c o n i c ) .  The i d e a l  A V ' s  were t h e n  added t o  t hese  v e l o c i t i e s  
t o  d e t e r m i n e  new e n e r g i e s  and c o r r e s p o n d i n g  V c r s  a t  1 0 0  n.mi. 
These  r e s u l t s  a re  shown i n  F i g u r e  2 by t h e  long-dash  c u r v e .  

To o b t a i n  an e s t i m a t e  o f  t h e  g r a v i t y  l o s s e s  o f  t h e  
FLOX/CH4 b u r n ,  which a re  n o t  accoun ted  f o r  when E q u a t i o n  1 i s  
u s e d ,  t h e  f i n a l  s t a g e  b u r n - t r a j e c t o r y  was i n t e g r a t e d  by means 
o f  a s u i t a b l e  computer program. S t a r t i n g  from t h e  sane Cen tau r  
b u r n o u t  c o n d i t i o n s  and ending  w i t h  t h e  s p e c i f i e d  e n e r g y ,  
a 149 l b  d e c r e a s e  from t h e  nominal pay load  v a l u e  o f  2500  lbs 
a t  Vc = 50,000 f p s  r e s u l t e d ,  T h i s  c o r r e s p o n d s  to a v e l o c i t y  

g r a v i t y  l o s s  o f  315 f p s .  The pay load  decrement  i s  i n d i c a t e d  
by t h e  d o t  i n  F i g u r e  2 w i t h  t h e  dot--dash c u r v e  e x t r a p o l a t e d  
t h r o u g h o u t  t h e  r ange  of  i n t e r e s t .  
b e  f a i r l y  r e p r e s e n t a t i v e  f o r  t h e  f o u r - s t a g e  v e h i c l e  con .Cigura t ion .  

T h i s  perforniance cu rve  s h o u l d  
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* 1977 E 

m/sec (fps) 
1 r: 

I Celestial On-Board 190 (624) 

NAVIGATIONAL GUIDANCE REQUIREMENTS 

1977 1 9 1978 E I 1978 I 
B 

m/sec (fps)(m/sec ( f p s )  m/sec (fps) 

428 (1405) 372 (1220) 

L 

Navigational AV requirements for a grand tour of the 
outer planets is largely a matter of speculation; however, 
A. L. Friedlander has investigated the subject with considera- 
tions for using earth-based radar or an on-board celestial 
system. ( 5 )  

Friedlander considers the 1977 and 1978 opportunities 
and determines separate AV requirements for missions passing 
through the rings of Saturn and also missions during the same 
years that pass external to the rings. A good case is make for 
on-board celestial navigation systems f rom the reduced aV require- 
ments standpoint. Table 3 summarizes Friedlander's results, in 
which he considered 8-10 maneuvers for each trajectory, 

TABLE 3 - Navigational AV Requirements 

From this table it is reasonable to assume a 1,000- 
2,000 fps aV range as representative of the grand tour guidance- 
propulsion system requirements. 

GUIDANCE PROPULSION SYSTEM 

The gross payload curves o f  Figures 1 and 2 contain 
no provision for midcourse guidance maneuvers. 
stage, though classified as "space storable," can not be con- 
sidered suitable to provide midcourse impulses without a 
throttling capability, and additional insulation and increased 
meteoroid shielding may be required. It was therefore assumed 
that the gross payload curves include the weight of a 
propulsion system and propellant load to be used for guidance 
corrections, 

The FLOX/CH4 
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76 or 78 ~ 7 7 , 7 9  or 80 'Vc=50,~O0 ' 

( T y p i c a l )  -- Min Energy Min Energy 

Guidance 1 0 0 0  2000 1 0 0 0  2 0 0 0  1 0 0 0  2000  
f p s  f p s  f p s  f p s  f p s  f p s  AV 

- 5 -  

V c = 5 2 , 0 0 0  

- Max Energy - 

1 0 0 0  2000  
f p s  f p s  
-- 

A mono-propel lan t  ( h y d r a z i n e )  s y s t e m  was assumed, 
Engine ,  s t r u c t u r e  and h a v i n g  a 30 l b  t h r u s t  and 230 I 

p r o p e l l a n t  w e i g h t s  were de termined  for 1 , 5 0 0  and 2,500 l b  
p a y l o a d s  and 1 , 0 0 0  and 2 , 0 0 0  f p s  AV r e q u i r e m e n t s . "  The n e t  
pay loads  were t h e n  de termined  and p l o t t e d  on F i g u r e s  1 and 2 .  

SP ' 

T I I I X /  1930  1670 
Centau r  

Centaur /  
T I I I X /  2 6 4 0  2 2 6 0  

FLOX/CH4 ) 
D i f f e r e n c e  710  590 

RESULTS 

1500 1300 1020 930 I ------ ---- 
800 650 960 770 1420 1200 

2300 1950 1 9 8 0  1 7 0 0  1420 1 2 0 0  

- 

The lower c u r v e s  of F i g u r e s  1 and 2 show r e a l i s t i c  
es t imates  o f  t h e  n e t  payload  d e l i v e r y  a v a i l a b l e  w i t h  t h e  
s p e c i f i e d  v e h i c l e  c o n f i g u r a t i o n s  when a r e a s o n a b l e  gu idance  
c a p a b i l i t y  i s  p r o v i d e d .  The a t t r a c t i v e n e s s  o f  a d d i n g  t h e  
FLOX/CH4 s t a g e  t o  t h e  T i t a n  I I IX/Cen tau r  can  be  e v a l u a t e d  
by  comparison o f  t h e  f i g u r e s ,  a summary o f  which i.s p r e s e n t e d  
i n  T a b l e  4 .  

CONCLUSIONS 

The a p p l i c a t i o n  of t h e  FLOX/CH4 s t a g e  p l a c e d  a t o p  t h e  
T i t a n  I I I X ( 1 2 0 5 ) / C e n t a u r  i s  found to g r e a t l y  enhance t h e  payload  
d e l i v e r y  c a p a b i l i t y  o f  t h e  v e h i c l e  for g r a n d  t o u r  niissi .ons t o  t h e  

* 
Communication w i t h  A .  E .  Marks, Bellcornin, I n c .  
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o u t e r  p l a n e t s .  A n e t  p a y l o a d  o f  from 1 2 0 0  b o  2000 l b s  c a n  b e  
d e l i v e r e d  w h i l e  r e t a i n i n g  f u l l  f reedom of t r a j e c t o r y  s e l e c t i o n  
d u r i n g  any o f  t h e  f i v e  o p p o r t u n i t i e s  i n  t h e  l a t e  1970's. 

The i n t e n t  of  t h i s  s tudy  was o n l y  t o  e v a l u a t e  t he  
pe r fo rmance  of t h e  FLOX/CH4 s t a g e ,  p r e v i o u s l y  p roposed  f o r  a 
Mars o r b i t e r  a p p l i c a t i o n ,  for t h e  s p e c i f i e d  m i s s i o n ,  It 
s h o u l d  n o t  b e  c o n s t r u e d  t h a t  o t h e r  s t a g e s ,  such  as a Burner-  
t y p e  o r  o t h e r s ,  would n o t  p rov ide  s imi la r  p a y l o a d  enhance-  
men t s ,  However, t h e  r e s u l t s  p rov ide  a good example o f  
FLOX/CH4 s t age  a p p l i c a t i o n .  

1013-AAV-nma A .  A .  Vandei-Veen 

At tachments  
R e  f e r e n c  e s 
F i g u r e s  1 - 2 
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Fig. 1 Performance curve for the T i t a n  IIIX (1205)/Centaur Vehicle 
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F i g ,  2 Performance cu rve  f o r  t h e  T i t a n  I I I X  (1205) /Centaur  w i t h  t h e  
FLOX/CHL, f o u r t h  s t a g e .  
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G. M. Anderson 
A. P. B o y s e n  
J. 0. C a p p e l l a r i  
D. A. C h i s h o l m  
C.  L. D a v i s  
D. A. D e G r a a f  
J. P. D o w n s  
D. R. H a g n e r  
P. L. H a v e n s t e i n  
N. W. H inne r s  
B. T. H o w a r d  
D. B. James 
J. K r a n t o n  

H. S. London 
K. E. Martersteck 
R. K. McFarland 
J. Z. Menard 
G. T. O r r o k  
I. M. R o s s  
F. N.  Schmidt 
J. W. T imko  
R. L. Wagner 
J. E. Waldo 
A l l  Members, D i v i s i o n  1 0 1  
C e n t r a l  F i l e  
D e p a r t m e n t  1 0 2 4  F I L E  
Library 


